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Upper lilllits have been estimated for the rate of evapo-
ration of slllall liquid droplets in representative rocket 
cOlllbustion challlbers. The droplets are assullled to be 
isotherlllal at all tillles. The droplet telllperature as a 
function of tillle is deterlllined by an appropriate heat 
balance. The calculations are useful in deterlllining the 
significance of inelastic collisions between liquid droplets 
for colllplete colllbustion. Radiant heat transfer to lllOV-
ing liquid· droplets is considered briefly. 
I Introduction 
EXPERIMENTAL studies of liquid fuel rockets have 
shown that the performance of many bipropellant sys-
tems is dependent on the type of injection system employed. 
The results indicate the importance of (a) the size of the 
liquid droplets at the point of injection, and (b) the relative 
directions of injection of the separate streams of fuel and 
oxidant. 
These experimental findings suggest a combustion mecha-
nism in liquid fuel rockets which may be represented sche-
matically as follows: 
Injection 
of 
Fuel and Oxidant 
Collisions 
Between Streams 
of Liquid Droplets 
t 
Liquid-Phase Reactions 
t 
Vaporization 
. t 
~B 
VaporiZation 
1 
Gas-Phase Reactions 
_~'~O". / 
Combustion Products 
Mechanisms A and B generally occur concurrently in a motor 
chamber. For any given set of conditions, either mecha-
nism A or mechanism B may be of greater importance. 
An indication regarding the relative importance ofmecha-
nisms A and B may be obtained by determining whether liquid 
droplets are in a given motor chamber for a sufficiently long 
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period of time to vaporize completely without the occurrence 
of exothermic liquid-phase reactions. If the time required 
for the complete vaporization of the liquid droplets is greater 
than the time spent by the liquid droplets in the motor cham-
ber, then liquid-phase reactions must occur, provided com-
plete combustion takes place in the rocket chamber. It is 
therefore of interest to determine the minimum time required 
for the evaporation of liquid droplets in a rocket chamber. 3 
The evaporation of liquids and solids has been studied both 
experimentally and theoretically (1-11).4 Extended theo-
retical investigations of vaporization under idealized condi-
tions have been carried out by Fuchs (5). A general treat-
ment for the calculation of droplet lifetimes in combustion 
chambers has been described by Wentzel (6). Application of 
the results of these studies on evaporation to the special con-
ditions existing in a rocket chamber cannot readily be made. 
The treatment of Wentzel (6), although applicable in prin-
ciple, requires knowledge of a number of empirically de-
termined parameters which are not generally available. 
Furthermore, there are indications that the usual laws which 
govern the evaporation of liquid droplets may not be valid for 
droplets of exceedingly small size. For example, Probert (1) 
indicates that the rate of evaporation of very small droplets is 
proportional to the diameter of the evaporating droplet rather 
than to the square of the diameter. Studies on compara-
tively large drops (0.5 mm in radius) (4) led to the conclusion 
that the treatment of Fuchs (5) for the rate of evaporation of 
drops is essentially correct. The work of Fuchs, in so far as 
it applies to very low Reynolds numbers, has been criticized 
recently (11). Finally, a study of evaporation rates for fall-
ing and burning droplets by Topps (12) shows a complicated 
dependence for evaporation rate on size and Reynolds num-
ber. 
In view of the obvious complexity of the problem, no at-
tempt was made to carry through a complete treatment of 
the rate of evaporation of liquid droplets in a rocket chamber. 
Instead, an approximate treatment has been employed which 
is designed to estimate a reasonable upper limit for the rate 
of droplet vaporization in a rocket chamber. A discussion 
of the maximum and minimum rates of evaporation, under 
conditions somewhat different from those of interest for the 
present study, has been given previously (13). 
The results of the present investigation emphasize the im-
portance of droplet size. For example, at least 1.58 X 10-3 
sec is required before the radius of an aniline droplet decreases 
from 5 X 10-3 em to 2.5 X 10-3 cm. However, more than 
1 X 10-2 sec is required before an aniline droplet initially 
3 It should be noted particularly that the present investigation 
was undertaken with the modest objective of approximating 
minimum lifetimes of droplets rather than with the idea of ob-
taining a realistic estimate of the complicated evaporation 
processes involved in heterogeneous combustion. For recently 
published reports on heterogeneous combustion see, for example, 
J. E. C. Topps, J. Inst. Petrol., vol. 37, 535 (1951); G. A. E. 
Godsave, National Gas Turbine Establishment Report8 Nos. R. 
66, March 1950, and R. 87, April 1951, Pyestock, Hants, England; 
D. B. Spalding, Fuel, vol. 29, 2, 25, 1950; vol. 30, 121, 1951. 
4 Numbers in parentheses refer to References on page 88. 
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1 X 10-2 cm in diameter decreases to one half of its original 
diameter. The rate of evaporation is, of course, dependent 
on the nature of the evaporating compound. Thus octane is 
found to evaporate more rapidly than aniline under similar 
experimental conditions. The transfer of radiant energy to a 
moving liquid droplet is discussed. The analysis shows that 
the maximum possible temperature rise associated with the 
absorption of radiant energy increases as the droplet diameter 
is decreased. 
n Outline of Theory 
The rate of droplet vaporization depends upon the nature 
'Of the evaporating liquid and upon the heat transferred to the 
liquid droplets after injection into the combustion chamber. 
The minimum life of a liquid droplet in a rocket chamber may 
be calculated by using an upper limit for the heat transfer and 
also for the isothermal rate of decrease of droplet radius with 
time. 
The order of magnitude of the upper limit for the isothermal 
Tate of decrease of droplet radius with time can be calculated 
from the Knudsen equation, which may be written in the 
form (14-16) 
-dr/dt = (p,/ PI)(M /2nRT)(I/2) . .......... [1] 
where r is radius of the evaporating droplet, t time, ps satu-
rated vapor pressure of the evaporating liquid at a given tem-
perature, PI density of the evaporating liquid, M molecular 
weight of the evaporating compound, T temperature, R gas 
constant. An upper limit for the heat transfer to the liquid 
droplets is obtained by maximizing the product hb.T in the 
relation 
Q = 47f'r2ht..T .. .................. [2] 
where Q is rate of heat transfer to a spherical droplet of radius 
r, h is over-all coefficient of heat transfer to a liquid droplet 
evaluated at the mean film temperature, t..T is mean tempera-
ture difference between the gases surrounding the liquid 
droplet and the liquid droplet itself. 
The order of magnitude of the value of h may be ascer-
tained from an empirical relation determined as the result of 
heat transfer studies between air and spheres (17, p. 237),5 viz., 
(2hr /k!) = 0.33(2rG / It! )0.6 .............. [3] 
where k.r is thermal conductivity of the hot gases at tempera-
ture Tf , G = mass rate of flow of air past the liquid droplets, 
/1f = viscosity of hot gases at the temperature Tj, Tf = T + 
0.5 (Tc - T) where T is the droplet temperature (assumed to 
be uniform), Tc = temperature of the hot gases. At a chamber 
temperature of 3000° K and a pressure of 300 psi, it is found 
that Equation [3] leads to values of 2hr/kf of about 4 for the 
largest droplets (r = 10-2 em in radius), even if the droplets 
move at 100 fps relative to the gases in the chamber. For 
very small droplets, on the other hand, 0.33 (2rG/}Jf)0.6 <2. 
However, the theoretical lower limit for 2hr/kf is 2 in a stag-
nant medium unless the spheres have diameters of the same 
order of magnitude as the mean free path in the fluid. There-
fore, it is evident that 2hr /kf for small droplets does not differ 
greatly from 2, and considering the fact that the gases at the 
head end of the rocket chamber move, on the average, in the 
direction of the droplets, a it appears likely that even for r = 
10-2 em, the approximation h = kf/r will yield a reasonable 
estimate for heat transfer to the droplet.7 Thus we set 
5 It should be noted that the conclusion reached by using 
Equation [3] is the same as that obtained from the elegant treat-
ment on heat transfer to spheres for very low Reynolds numbers 
given by Kronig and Bruijsten (11). 
a Representative estimates of gas velocities near the injector 
are of the order of 50 fps. 
7 This last conclusion does not make allowance for the possible 
occurrence of turbulent motion near the injector. 
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FJG. 1 TEMPERATURE-VS.-TIME AND RADIUS-VS.-TIME DATA FOR 
AN ANILINE DROPLE'£ IN A NITRIC-ACID-ANILINE ROCKET MOTOR 
(Tc = 3000 0 K, To = 300 0 K, ro = 5 X 10-3 CM). 
t..T = 3000 - T with h = kdr .. ......... [3a] 
The rate of temperature rise with time, (dT /dt)!, of a 
spherical droplet receiving the energy Q is 
(dT /dt)! = Q( 47f'r 3/3)-I(P IC1)-1 = 3ht..1'/rpICI . .... [4] 
where Cl is the heat capacity per unit weight of the evaporat-
ing liquid. The liquid droplet is cooled as the result of evapo-
ration. The rate of decrease of temperature with time asso-
ciated with the cooling effect of evaporation is given accord-
ing to the relation 
-(dT/dt), = (3t..Hvap /C IMr)( -dr/dt) ......... [5] 
where b.Hvap is the heat of vaporization of the liquid per 
mole, and (-dr/dt) is given by Equation [1]. The net rate 
of change of temperature with time is therefore 
dT /dt = (3kft..T /r 2pIC1) - (3t..Hvap /rMCI)( -dr /dt) . .. [6] 
where use has been made of Equation [3a]. 
Reference to Equation [6] indicates that the temperature 
of an evaporating liquid droplet changes continuously with 
time. Since the first term on the right-hand side of Equation 
[6] varies nearly inversely with the square of the radius, 
whereas the second term varies inversely as the first power of 
the radius, it is apparent that the droplet temperature will 
rise rapidly for very small droplets. For moderately large 
droplet sizes, Equation [6] is found to lead to quasi-steady-
state temperatures. 
HI Calculation of Minimum Lifetimes of 
Droplets 
Equations [1] and [6] can be solved numerically without 
difficulty. A representative calculation is outlined below 
for the evaporation of aniline in a nitric-acid-aniline rocket 
operating at a chamber temperature of 3000° K. 
The aniline droplets are chosen to have an initial diameter 
of 5 X 10-3 em. They are injected at an initial temperature 
of 300 0 K with an average velocity of 100 ips into a rocket 
chamber 1 ft in length. The droplet velocity is assumed to 
remain constant. Thus the droplets remain in the rocket 
chamber for 0.01 sec. It is therefore of interest to determine 
the temperature and radius of the aniline droplets as a func-
tion of time for 0.01 sec. 
The gaseous combustion products in the nitric-acid aniline 
rocket consist predominantly of NO, CO, CO2, H 20, and N2• 
Approximate calculations for these components lead to a 
value for }Jf of about 0.157 Ib/hr-ft (p. 411 of Ref. 17) at the 
temperature Tf = 300 + 0.5 (3000 - 300) = 1650° K. For 
the specified composition, it is found (p. 415 of Ref. 17) that 
Cp}Jf/kf "'" 0.76. Since Cp "'" 0.50 Btu/lb- OF (p. 406 of Ref. 
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FIG. 2 TEMPERATURE-VS.-TIME AND RADIUS-VS.-TIME DATA FOR 
AN ANILINEDROPLE'T IN A NITRIC ACID-ANILINE ROCKET MOTOR 
(Tc = 3000° K, To = :300° K, To = 1 X 10-2 CM). 
17), it follows that let """ 0.104 Btu/hr-ft-of = 4.30 X 10-4 
cal/sec-cm- OK. 
For approximate calculations the numerical values of let, 
PI, Cl , and b:.Hv"p are assumed to be independent of tem-
perature. Since the droplet temperature does not vary 
greatly with time, the error introduced by this simplification 
is not large. Thus, Tc = 3000° K, PI """ 1.02 gm/cm3, Cz """ 
0.53 cal/gm_OC, M = 93.12 gm/mole, b:.Hvap """ 12,000 
cal/mole (18). 
Introduction of the numerical values into Equation [6] 
leads to the Clesired result 
dT/dt = 2.38 X 10-3 [(3000 - T)/r 2 ] - (730/r)( -dr/dt) , . [6a] 
The values of - dr / dt may be calculated directly from Equation 
[1] by use of measured values for the vapor pressure of aniline. 
For numerical work it is convenient to express -dr/dt, as a 
first approximation, by the relation log (-dr/dt) """ A -
B/T, where A and B are nearly independent of tempera-
ture. For aniline it is found that 
log (-dr/dt) """ 7.09 - 2.60 X 103 T-l ......... [7] 
Temperature-time and radius-time curves can be constructed 
from Equations [6a] and [7] by using a straightforward 
iteration procedure. Representative results for aniline, 
hydrazine, and octane are shown in Figs. 1 through 5. The 
same numerical value for let was employed for all of the calcu-
lations. 
IV Results 
The results plotted in Figs. 1 to 5, inclusive, exhibit the 
expected behavior. The temperature of the liquid droplets 
increases rapidly at first, then reaches a quasi-steady state, 
and finally rises very rapidly after the droplet radius has be-
come sufficiently small. The droplet radius decreases con-
tinuously with time, very slowly at first, and then at an ever-
increasing rate as the droplet temperature rises. From Figs. 
1 to 5 it is possible to ascertain the minimum lifetimes of 
droplets for a number of different droplet sizes and liquids. 
The calculated results may be compared by evaluating the 
half life, t(Ii2)' of the liquid droplets, i.e., the time required 
to decrease the droplet diameters to one half of their original 
value:8 Relevant data are summarized in Table 1. 
Reference to the results summarized in Table 1 shows that 
an aniline droplet with an initial radius of 1 X 10 -2 cm. can-
not evaporate in 0.01 sec unless heat transfer to the liquid 
droplet is considerably greater than that calculated from 
8 The numerical value of t(1j,) is always greater than one half 
the time required for complete evaporation of a given droplet. 
Calculation of the time required for complete evaporation is 
somewhat laborious. 
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FIG. 3 TEMPERA'TURE-VS.-TIME AND RADIUS-VS.-TIlIIE DATA FOR 
AN OCTANE DROPLET SURROUNDED BY HOT GASES AT 3000 0 K 
(To = 300 0 K, ro = 5 X lO-aCM). 
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FIG. 4 'TEMPERATURE-VS.-TIME AND RADIUS-VS.-TIME DATA FOR 
AN OCTANE DROPLET SURROUNDED BY HOT GASES AT 3000 0 K 
(To = 300 0 K, ro = 1 X 10-2 CM). 
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FIG. 5 TEMPERATURE-VS.-TIME AND RADIUS-VS.-TIME DATA FOR 
A HYDRAZINE DROPLET SURROUNDED BY HOT GASES AT 3000 0 K 
(To = 300 0 K, ro = 1 X 10-2 CM). 
Equations [2J and [3]. Since only lower limits for the drop-
let lifetimes have been calculated, it is not possible to draw 
definite conclusions for the smaller droplet Eizes for aniline. 
The evaporation of octane is seen to proceed more rapidly 
and at lower 'droplet temperatures than the evaporation of 
aniline. Hydrazine appears to evaporate somewhat more 
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TABLE 1 MINIMUM HALF-LIFE OF LIQUID DROPLETS 
(1'c = 3000 0 K, To = 300 0 K, h = kt/r, kf = 4.3 X 10-4 eal/sec-
em-OK) 
Compound ro X 10' (em) ta (1/2) X 102 (sec) Tb (1/2) (OK) 
Aniline 5 0.158 392 
10 0.560 370 
Octane 5 0.052 352 
10 0.188 333 
Hydrazine 10 1.07 317 
a t(I/2) = time required for the droplet diameter to decrease to 
one half of its original value. 
b T (1/2) = droplet temperature at t(1/2). 
slowly than aniline. Because of the uncertainties which 
exist with regard to droplet size distribution in rocket motors,9 
it is not possible at this time to draw definite conclusions with 
regard to the importance of liquid· phase reactions in given 
rocket motors. However, it is evidently desirable to extend 
the calculations presented in this discussion to larger droplets 
by using the known size and velocity distributions in com-
bustion chambers in conjunction with realistic heat transfer 
equations. 
V Radiation Heating of Liquid Droplets 
Equations for the heat transfer by radiation to a liquid 
droplet moving along the axis of a rocket motor chamber 
have been derived previously (19). It was shown that the 
radiant energy, IT, received per square centimeter of surface 
during the residence time tr in the rocket chamber, is given 
by the approximate relation 
IT = [2/a(a + L)lh I"-;.,d"A J:tr dt LJ:a[l - exp ! -kA P[",2 + 
(L - vt)'](1/2) I lad", + fL-vt 11 - exp[ -k pea' + Jo A 
. X2)(1/2)1Iadx~ ...... [81 
where a is radius of cylindrical motor chamber (cm); L 
length of chamber (em); lOA radiant energy (caI/cm2-sec) 
emitted by a blackbody radiator in the wave-length region 
between 'A and 'A + d'A, the blackbody being at the same 
temperature as the radiating gases surrounding the moving 
liquid droplet; t is time (sec); tr residence time of the liquid 
droplet in the motor chamber (sec); p density of the hot 
radiating gases (gm/cm3); h spectral mass absorptivity of 
the gases (cm2/gm); v linear flow velocity of the moving 
liquid droplets (em/sec). 
Approximate calculations of heat transfer by radiation to 
moving liquid droplets have been carried out for the case 
where a = 7 em, L = 30 em, Tc = 3000 0 K, f JOA d'A = 115 
caI/cm2-sec, ir = 0.01 sec, kA = 40 cm2/gm, p = 2 X 10-3 
gm/cm3, v = 3 X 103 em/sec. Evaluation of IT from Equa-
tion [8] for the specified numerical values leads to the result 
IT = 0.733 cal/cm2• The maximum possible radiant energy, 
. I'T, incident on a liquid droplet surrounded by blackbody 
radiators for 0.01 sec, is I'T = 1.15 cal/cm2 if the blackbody 
radiators are at 3000 0 K. This is only about 1.6 times the 
value calculated from Equation [8]. However, the calcu-
lated value of IT. may not be significant, since the assumed 
value of h = 40 cm2/gm may be too high for a liquid fuel 
rocket operating at a pressure of 300 psi (19). . 
The temperature rise AT of a spherical liquid droplet of 
radius r, caused by incident radiation In cal/cm2 in the wave-
length region between 'A and 'A + d'A is given by the rela-
tion (19) 
9 Dr. J. M. Schmidt, of JPL, CalTech, estimates the radius of 
aniline droplets at the point of injection into a nitric-acid-aniline 
rocket as probably lying between 5 X 10-3 and 5 X 10-2 cm. 
Our analysis does not apply to the largest droplets. 
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where Xx is the absorption coefficient (in em -1) of the liquid 
droplet for light in the wave-length region between 'A and 'A + 
d'A. Evaluation of ATR by use of Equation [9] can be per-
formed only if K).. is known as a function of wave length. 
Experimental determination of Kx could be carried out in the 
same manner as was done previously for double-base rocket 
propellants (20). 
If an average value K may be used for KA, then ATR is 
given by the relation 
t!.TR = 3Id! - exp(-2Kr)](rC lPl)-I ••...... [10] 
For ~ry small droplets and weak absorbers [1 - exp( -iKr) 1 
""" 2Kr. Therefore 
The radiation temperature rise of small droplets, which are 
not black.£.ody absorbers, is therefore approximately propor-
tional to K. An upper limit may be estimated for ATR by 
treating the absorbing liquid droplet as a blackbody. In 
this case 
t!.TRmax = 31 rlrC lPI """ 2.2r-1, oK ......... [Ila] 
if GIPI """ 1 cal/cm'- OK, and IT = 0.733 cal/em2• 
It can be seen from Equation [Ila] that the maximum pos-
sible temperature rise of liquid droplets caused by the ab-
sorption of radiant energy increases as the droplet size de-
creases .. If Equation [Ila] holds, then ATRmax ~ 300 0 K 
for r = 5 X 10-2 em, and ATRmax - 300 0 K for r = 5 X 10-3 
cm. In order to evaluate the relative importance of radiant 
heat transfer, we may compare the coefficient ATR/tr with 
(dT /dt)l as given by Equation [4]. For very small droplets it 
appears that the equilibrium transfer of radiant energy in a 
rocket motor is probably not very significant. However, 
the quantitative effects of chemiluminescent radiation may 
well be important and merit extensive furthE'l' study. 
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60 cleg, a given velocity change of the particle that could turn 
the velocity vector in the radiation record for 15 deg in the 
upstream direction can only turn the velocity vector for 71/ 2 
deg in the downstream direction. While an upstream ~hock 
will almost cause flow reversal, a downstream shock of equal 
strength can hardly' turn the velocity vector' through 15 
deg. In extreme cases, if the initial angle is as big as 80-
deg, a shock which is strong enough to cause flow reversal if 
moving upstream may hardly be discernible when it is moving 
downstream. 
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